The nearby (6.5 pc) star HD 219134 was recently shown by Motalebi et al. and Vogt et al. to host several planets, the innermost of which is transiting. We present 27 years of radial velocity (RV) observations of this star from the McDonald Observatory Planet Search program, and 19 years of stellar activity data. We detect a long-period activity cycle measured in the Ca II S HK index, with a period of 4230±100 days (11.7 years), very similar to the 11 year solar activity cycle. Although the period of the Saturn-mass planet HD 219134 h is close to half that of the activity cycle, we argue that it is not an artifact due to stellar activity. We also find a significant periodicity in the S HK data due to stellar rotation with a period of 22.8 days. This is identical to the period of planet f identified by Vogt et al., suggesting that this RV signal might be caused by rotational modulation of stellar activity rather than a planet. Analysis of our RVs allows us to detect the long-period planet HD 219134 h and the transiting super-Earth HD 219134 b. Finally, we use our long time baseline to constrain the presence of longer period planets in the system, excluding to s 1 objects with 
INTRODUCTION
HD 219134 (also known as HR 8832, HIP 114622) is a nearby (d=6.5 pc) K3V star. As one of the nearest, brightest K dwarfs, it has long been a target of radial velocity (RV) planet surveys. Indeed, it was one of the targets of the first RV planet search, that of Walker et al. (1995) , who began observing the star in 1980. It was also one of the original targets of our own McDonald Observatory Planet Search, with observations beginning in 1988 .
Despite the long history of RV observations of HD 219134, it was not until the advent of modern high-precision, highstability spectrographs (with long-term internal precision of ∼1 m s −1 ) that planets have actually been detected around this star. Motalebi et al. (2015, hereafter M15) presented RV observations of this star with the HARPS-N spectrograph. Using these data, they detected four planets, HD 219134 b, c, d , and e, with periods of 3. 094, 6.765, 46.78, and 1842 days and M i sin values of 4.46, 2.67, 8.67 , and 71 M ⊕ , respectively. The orbital period of their outer planet, HD 219134 e, is longer than the ∼1100 day span of their observations, and so its orbital period was not well constrained; formally, they found = -+ P 1842 292 4199 days. They also detected one transit of the innermost planet, HD 219134 b, using the Spitzer Space Telescope. This is the nearest transiting exoplanet discovered to date, and, with V=5.57, HD 219134 is the brightest star known to host a transiting exoplanet.
Meanwhile, Vogt et al. (2015,hereafter V15) analyzed data from Keck/HIRES and the Automated Planet Finder (APF) on this system, and found six planets. They detected the three inner planets found by M15, plus two additional super-Earths (HD 219134 f and g) with periods of 22.8 and 94.2 days, respectively. They found a period of 2247 days for the outer Saturn-mass planet, significantly larger than that available at the time from M15; they therefore labeled this planet HD 219134 h. For the remainder of this paper, we will refer to the outer planet as HD 219134 h rather than e (except when referring directly to M15), as the parameters we measured from our data more closely match the V15 values. Given the very large uncertainty on the period of the outer planet found by M15, however, the periods found by these two works are identical to within s 1 . V15 and M15 disagreed on the rotation period of HD 219134. V15 estimated a period of ∼20 days based upon the measured v i sin of the star (1.8 km s −1 from Valenti & Fischer 2005) , while M15 found a period of 42.3 days from periodogram analysis of their stellar activity measurements ( ¢ R log HK , derived from the CaII H and K lines, and the cross correlation function bisector span and FWHM). M15 also found a smaller value of the v i sin of 0.4±0.5 kms 1 with the higher resolution of HARPS-N. The rotation period is important as stellar activity correlated with the rotation period -due to spots and active areas moving in and out of viewcan create RV signals that masquerade as planets (e.g., Robertson et al. 2014) . A more accurate measurement of the rotation period for HD 219134 could thus help to confirm the planetary status of, or refute as a false positive, the 22.8 (planet f) and 46.78 day (planet d) RV signals.
HD 219134 is important as it is one of the nearest, brightest stars with a planetary system, as well as the nearest, brightest star to host a known transiting exoplanet. Future observations tofurther characterize this system will therefore be important. In particular, with multiple short-period super-Earths, this system appears to be a nearby analog to the many systems of closely packed transiting super-Earths found by Kepler (e.g., Rowe et al. 2014) . The brightness of HD 219134 as compared to the Kepler sample offers an opportunity to pursue detailed characterization of the system that is difficult for most Kepler systems.
Recent theoretical work has suggested that the presence, or lack thereof, of long-period giant planets could affect the formation of such systems. Batygin & Laughlin (2015) argued that the migration of Jupiter within our own solar system might have disrupted a massive primordial inner protoplanetary disk that could have formed multiple shortperiod super-Earths; they predicted that systems like the Kepler short-period multiple systems should typically lack long-period giant planets. A related question is, how common are planetary systems broadly similar in architecture to our solar system, with small close-in planets and more distant giant planets? We can begin to answer these questions in the near future through the combination of searches for shortperiod super-Earths and data from the long-term RV programs that have been monitoring many bright FGK stars for well over a decade. Super-Earths can be found with either high-precision RV observations or space-based transit searches. Such high-precision RV surveys include those being undertaken currently with HARPS (e.g., Díaz et al. 2016) , HARPS-N (M15), APF (Vogt et al. 2014) , and CHIRON (Tokovinin et al. 2013) , and in the near future with MINERVA (Swift et al. 2015) , CARMENES (Quirrenbach et al. 2014) , ESPRESSO (Mégevand et al. 2014) , and SPIRou (Artigau et al. 2014) . The major upcoming space-based transit survey is that of TESS (Ricker et al. 2015) . Long-term RV programs include the McDonald Observatory Planet Search (e.g., Endl et al. 2016) , the Anglo-Australian Planet Search (e.g., Jones et al. 2010) , the Lick-Carnegie Exoplanet Survey (e.g., Rowan et al. 2016) , the CORALIE planet search (Marmier et al. 2013) , and the planet search at ESO (e.g., Zechmeister et al. 2013 ). Long-period giant planets will also be found by Gaia, which will produce a huge sample of astrometrically detected planets (Perryman et al. 2014) . While most of the Kepler sample is too faint to have been observed previously by long-term RV surveys (e.g., Coughlin et al. 2015) , Gaia will be able to astrometrically detect long-period planets around many of these stars. Our own McDonald Observatory Planet Search program now has a baseline of 12-15 years for ∼200 FGKM stars, and a handful of stars also have lower precision observations dating back more than 25 years. HD 219134 is one of these stars, and here we present an analysis of our RV observations of this star, as well as our data on the stellar activity.
OBSERVATIONS

McDonald Observations
We observed HD 219134 with the coudé spectrograph on the 2.7 m Harlan J.Smith Telescope (HJST) at McDonald Observatory. We obtained 295 spectra of HD 219134 between 1988 July 26 UT and 2015 October 16 UT, using three different spectrograph formats. During Phase I of our program (1988 July 26 to 1995 July 20), we obtained 30 spectra using the telluric O 2 band at 6300 Åas a velocity reference. Phase II (1990 October 14 to 1997 November 16), during which we obtained 34 spectra, used a standard I 2 absorption cell as the velocity standard. We used spectrograph configurations with a resolving power of R∼210,000 for Phase I and II; only a single spectral order was observed. Finally, Phase III (1998 July 16 to present, 231 spectra) continues to use the I 2 cell but uses the Robert G.Tull Spectrograph's TS23 (Tull et al. 1995) configuration. This is a cross-dispersed échelle spectrograph with a spectral resolving power of R=60,000 and coverage from 3750 to 10200Å, including complete coverage blueward of 5691 Å. Continual incremental improvements to the instrument and observing procedures over this time have increased the RV precision. See and for more detail on Phases I and II, and Hatzes et al. (2003) for Phase III.
In order to monitor the stellar activity, we measure the Ca S-index (S HK ), derived from the CaII H and K lines (Soderblom et al. 1991; Baliunas et al. 1995; Paulson et al. 2002) . We could only perform this measurement for the Phase III data; the single-order format of the Phase I and II data does not include the H and K lines. Our HJST RV and S HK measurements are listed in Table 1 .
Keck Observations
We also observed HD 219134 with the HIRES spectrograph (Vogt et al. 1994 ) on the Keck I telescope; ironically, it served as an RV standard for several of our programs due to its low RV variation. These programs included an RV planet search in the Hyades (e.g., Cochran et al. 2002) and the CoRoT NASA Key Science Project. For the latter project, we observed HD 219134 while the CoRoT field was not observable. We obtained 72 spectra between 1996 October 6 and 2000 December 3 UT, and 288 more between 2005 December 9 and 2012 January 11 UT, for a total of 360 spectra. The major difference between these datasets is that the earlier observations used an 2048×2048 Tektronics CCD, whereas the newer dataset used a 3×1 mosaic of 2048×4096 CCDs. The time sampling of the these datasets is rather uneven, with all of the 360 spectra being obtained during only 15 observing runs, 9 between 1996 and 2000, and 6 between 2005 and 2012.
We also measured S HK from our Keck spectra. For the data obtained from 1996 to 2000 this required special care, as the HIRES format used during these years caused order overlap in the region of the Ca H and K lines for certain slit lengths, which was not always accounted for in the calibration sequence. This necessitated careful attention to the removal of scattered light during the data reduction process and likely results in systematics in the measurements. Our Keck RVs and S HK measurements are listed in Table 2 .
Data Reduction
We reduced the data and extracted the spectra using a pipeline based on standard IRAF tasks. We measured the RVs of the spectra using the AUSTRAL I 2 cell reduction code (Endl et al. 2000) . See Endl et al. (2016) for more details on the reduction process.
STELLAR ACTIVITY AND S HK
Stellar Activity Cycle
Our S HK data are shown in Figure 1 . Even by eye, it is apparent that there is an approximately sinusoidal long-term variation in S HK . The generalized Lomb-Scargle (GLS) periodogram of these data shows a very strong peak at P 4000 days (lower panel of Figure 1 ). There is a systematic offset between the Keck and the TS23 (Phase III) data (upper panel of Figure 1 ). There also appear to be significant systematic offsets between different observing runs with the old Keck CCD, and moreover a large amount of scatter within these data.
We fit a simple sinusoidal model for the activity cycle to the data with a Markov chain Monte Carlo (MCMC) using the emcee package (Foreman-Mackey et al. 2013 ). We did not include the Keck old CCD data due to the apparent systematic offsets between successive observing runs. We attempted to include the newer Keck data with a multiplicative offset to bring it into agreement with the TS23 S HK measurements. A multiplicative offset is appropriate because the offsets between the datasets are due to differing spectrograph optical throughput and detector quantum efficiency. Including the Keck data, however, irrespective of what binning was used, always skewed the best-fit sinusoid away from that obvious from the TS23 data alone. Therefore, in order to measure the activity cycle parameters, we used only the TS23 data. We fit for four parameters: the activity cycle period P SHK , the amplitude A SHK , the mean S HK level á ñ S HK , and the epoch of minimum activity t SHK,min . We obtained a best-fit activity cycle period of =  P 4230 100 SHK days. See Table 3 for the full list of best-fit parameters. The best-fit model, along with the data, is shown in the upper panel of Figure 1 .
The best-fit activity cycle period of 11.6 years is very similar in period to the 11 year solar cycle. HD 219134 thus joins a growing number of stars with long-term activity cycles detected by RV planet search programs (e.g., Lovis et al. 2011; Robertson et al. 2013a; Endl et al. 2016) .
Both V15 and M15 also monitored the stellar activity using the CaII H and K lines, the former measuring this as S HK and the latter as ¢ R log HK . Neither of these works, however, was able to detect the full activity cycle. The M15 dataset spans ∼1100 days near the most recent minimum of the activity cycle, and this timespan was insufficient to measure the 4200 day period of the cycle. V15, on the other hand, presented nearly 4000 days of reasonably high-cadence data, plus threedatapoints ∼3000 days earlier, and yet did not detect the activity cycle (although their periodogram of these data shows a peak at 3290 days). Their lack of detection of the activity cycle appears to have been simply due to chance misfortune. Their data covered much of one cycle, but began only slightly before one activity maximum and ended slightly after the next activity minimum. This apparently conspired with possible systematic offsets in several sets of S HK measurements near the activity maximum, and a possible systematic offset between the HIRES and APF activity measurements, to give the appearance of a linear trend (see the top panel of Figure 5 of V15). Furthermore, the three HIRES S HK measurements from 1996 were unluckily located near the previous activity maximum, further promoting the appearance of a linear trend.
Stellar Rotation Period
Based on analysis of the HARPS-N time series activity indicators, M15 concluded that HD 219134 has a rotation period of 42.3 days. This is inconsistent with the results of V15, who determined the rotation period must be closer to 20 days based on the measurement of
from Valenti & Fischer (2005) . On the other hand, the value of =  v i sin 0.4 0.5 kms -1 found by M15 (using the very high resolution of HARPS-N) would predict a rotation period of ∼98 days, with a 1σ lower limit of 44 days, assumingĩ sin 1. The rotation period is of particular significance for HD 219134, as several of its recently discovered planets have periods close to candidate rotation periods, introducing the possibility that one or more of the RV signals interpreted as exoplanets may instead be caused by stellar magnetic activity. M15 noted that the 46.8 day period of HD 219134 d is close to their preferred 42.3 day rotation period, although neither the periods nor their yearly aliases overlapped. If the rotation period is instead closer to 20 days, it may be near that of the 22.8 day planet f discovered by V15, while the very long rotation period suggested by the M15 v i sin measurement is close to the 94.2 day period of V15ʼs planet g. Given the abundance and timespan of our S HK data, we sought to determine whether our observations could offer a more conclusive determination of the rotation period.
The presence of a large-amplitude activity cycle complicates the identification of a rotation period. First, the rotation signal is superimposed over the larger magnetic cycle, thus requiring an adequate model of the cycle to reveal the residual rotation period. Also, as observed for the Sun and other stars (Díaz et al. 2016; Marchwinski et al. 2015) , the starspots/active regions which imprint the rotation period in the S HK /RV time series may appear and disappear during the maximum and minimumof the activity cycle, respectively. Finally, an insufficient observing cadence may introduce aliases that dwarf the true rotation period in frequency analysis tools such as periodograms (e.g., Robertson et al. 2015) . We have therefore analyzed our S HK time series in a number of configurations in order to minimize the above complications and determine the most likely rotation period.
We started by examining only the 52 observations taken between 2008 September and 2009 January, when the activity Vertical red and dashed blue lines mark the periods of the planets found by M15 and V15, respectively, while the names of the planets are marked along the top of the panel. Note that the long-period, Saturn-mass planet was denoted planet e by M15 and planet h by V15. cycle passed through its maximum. Restricting our analysis thusly serves two purposes: searching near the cycle maximum increases the likelihood that starspots or active regions will actually be present, and the essentially flat slope of the activity cycle in this region removes the need to model and remove the long-period signal, eliminating any systematics introduced in residual analysis. In Figure 2 (middle panel), we show the generalized LombScargle periodogram of the S HK observations from the cycle maximum. There are two dominant peaks at periods of 22.4 and 79.4 days. We note that the beat frequency between these periods is 32 days, leading us to suspect these peaks are monthly aliases of one another, and arise from the same physical origin. We verified this hypothesis by creating synthetic S HK datasets which sample the activity cycle and a superimposed sinusoid (plus white noise) at the epochs of our real observations. In cases where the period of the superimposed sinusoid was either 22 or 79 days, peaks at both periods appeared in the periodograms. This was especially evident when the simulated sinusoid was not constant in amplitude or phase, as we expect for a real signal due to stellar rotation.
The periodicities at 22 and 79 days remain prominent in our S HK observations regardless of how the data are subdivided or modeled. We note that for our further analysis we excluded the three spectra from 2009 October 27 UT due to anomalously high S HK levels, possibly due to a flare event. In the top panel of Figure 2 , we show the periodogram of our residual S HK measurements after modeling a sinusoid to the activity cycle. We draw particular attention to the observations from 2007 to present (bottom panel of Figure 2 ), as our observing cadence for the star increased significantly, enabling greater sensitivity to the stellar rotation. The pre-2007 data are also dominated by the activity cycle minimum, further reducing the likelihood of a robust detection of stellar rotation. We consistently observed strong peaks at 22 and 79 days in all the periodograms, but particularly in the more densely sampled data. The 22 day period tends to be stronger, especially after modeling and removing the signal of the activity cycle.
We conclude that the peak near 22 days is more likely to be the actual periodicity than the alias near 79 days. Furthermore, when modeling a sinusoid to the residual S HK values after removing the activity cycle, we found that models near 79 days left residual aliases near 31 and 235 days that were not present when using a 22.8 day model.
To obtain a "best-fit" rotation model, we fit a sinusoid to the high-cadence post-2007 S HK data. This yielded a period of 22.83±0.03 days with an S HK amplitude  0.0077 0.0003, which matches the orbital period of HD 219134 f found by V15 to within one standard deviation. This raises the possibility that the RV signal at 22.8 days is not caused by an exoplanet, but rather by stellar magnetic activity. We do not explore further tests of this scenario here (e.g., correlation with measured RVs), as a conclusive determination requires a comprehensive analysis of the combined HARPS-N/HIRES/APF/TS23 datasets, which is beyond the scope of this paper. However, we strongly recommend such an analysis in the immediate future.
Is the 22.8 day period the stellar rotation period, however? It is inconsistent with the value of =  v i sin 0.4 0.5 found by M15 from their R=115,000 HARPS-N spectra, and the 42.3 day periodicity that they found in their activity indicators. The 22.8 day periodicity is too long to be the first harmonic of the 42.3 day periodicity. If HD 219134 is differentially rotating, it is possible that the 42.3 day periodicity could be due to activity at fast-rotating low latitudes, and the 22.8 day periodicity could be the first harmonic due to activity at higher latitudes • . This suggests that this scenario is plausible. Additional circumstantial evidence for this scenario is that a two-spot configuration, such as would generate a signal at the first harmonic, might be more likely near the activity cycle maximum, which dominates our rotation signal, and less likely near the cycle minimum, when the HARPS-N observations occurred. This would also help to explain why V15 detected the 22.8 day signal but M15 did not. Nontheless, the current data are insufficient to either confirm or reject this scenario.
Further observations could help to test this scenario, and to conclusively determine whether the 22.8 day RV signal is indeed due to stellar activity rather than a planet. The activity level of HD 219134 is currently increasing, with the next maximum expected around late 2018. If the 22.8 day RV signal begins to appear in continuing HARPS-N observations as the activity level increases, this would be strong evidence for the stellar origin of this signal. In order to test for this possibility V15 split their dataset into three portions, and did recover the 22.8 day periodicity in all three subsets; however, they did not quote the significance level of the recovery or if the other parameters are consistent between the different subsets, preventing us from making a more detailed analysis of this issue. Additionally, high-cadence observations near the cycle maximum could potentially probe whether the 22.8 day periodicity is a harmonic of a longer rotation period. If the 22.8 day RV signal is in fact caused by activity instead of a planet, it is very interesting in the context of the specific physical mechanism that creates the Doppler shifts. Rather than examining periodicities and correlations in their residual S HK values, V15 sought to rule out a false-positive detection of HD 219134 f by obtaining photometry of the star. HD 219134 is quiet photometrically, leading V15 to conclude that it must not exhibit large spots such as would create the RV signature at 22.8 days. This test has proven hazardous in the case of M dwarfs, where activity signals have been observed to create RV signatures-sometimes mimicking exoplanets-with very little or no associated photometric variability (e.g., Kürster et al. 2003; Robertson et al. 2014 ). This phenomenon has not been observed for K dwarfs to date, but it would appear that HD 219134 is a candidate example.
M15 performed an analysis of their ¢ R log HK data, and argued that their 42.3 day stellar rotation period was sufficiently well separated from their 46.78 day RV signal that this RV signal could not be a false positive due to stellar rotation. The 46.7 day period of HD 219134 d, however, is closer to twice the 22.8 day periodicity (45.6 days). Given our hypothesis on the origin of the 22.8 and 42.3 day activity signals, it is possible that activity at even higher latitudes could give rise to an RV signal at 46.7 days. No signal with this period is detected either in our activity data or that of M15, suggesting that the 46.7 day RV signal is likely due to an actual planet, HD 219134 d.
The stellar rotation period also has consequences for the stellar age. Takeda et al. (2007) found a stellar age of 12.5±0.5 Gyr based upon a Bayesian isochrone analysis using stellar parameters derived from high signal-to-noise, high-resolution spectra. It is, however, very difficult to derive accurate isochrone ages for main sequence stars at this T eff , where isochrones for ages ranging from 1 to 12 Gyr differ by only ∼0.1 dex in g log . Gyrochronology, on the other hand, gives a very different picture of the system age. Using the gyrochronological relation given by Equation (3) of Barnes (2007) , the rotation period of 42.3 days found by M15 implies an age of 4.1 Gyr. If 22.8 days were to be the rotation period, this would imply a gyrochronological age of 1.3 Gyr. Additionally, the activity-age relationship of Mamajek & Hillenbrand (2008) predicts an age of 4.6 Gyr based upon our average activity level of ¢ = -R log 4.89
HK
. This relationship, however, is calibrated for F7-K2 dwarfs, and so is not strictly applicable to the K3V star HD 219134. Nonetheless, the stellar activity level is most consistent with a ∼40 day rotation period.
Other aspects of the system could also shed light on its age. Volk & Gladman (2015) argued that systems of tightly packed super-Earths are metastable over gigayear timescales, and eventually destabilize, resulting in the destruction of some of the planets. V15 did not perform a dynamical stability analysis, while M15 showed that their four-planet system is stable for at least 10 6 orbits of HD 219134 e (∼5×10 6 years). Although it is beyond the scope of the present work, we suggest that a longer term stability analysis of the HD 219134 system should be undertaken. If this shows that the system is only stable for a few gigayears, this would favor 22.8 days being the rotation period and a younger system age.
RADIAL VELOCITIES
RV Analysis
We used the Systemic Console 2 package 10 (Meschiari et al. 2009 ) to analyze our RV data. We first analyzed only the TS23 Phase III data. We rejected all datapoints with internal uncertainties of >8 m s −1 ( s >3 above the mean internal uncertainty of the dataset). These data are shown in the top panel of Figure 4 , and the corresponding Lomb-Scargle periodogram in the second panel of Figure 4 .
The periodogram shows a strong peak at ∼2000 days, with a bootstrapped false alarm probability (FAP) level of 0.02%. This corresponds to the planet HD 219134 h found by V15. The 1842 day period of the outer planet HD 219134 e found by M15 lies away from this peak. We thus confirm the slightly longer period for this planet found by V15, although, again, the M15 value is very unconstrained.
When fitting to the TS23 data alone and ignoring the inner planets, we obtained a large eccentricity for HD 219134 h of =  e 0.37 0.18, in disagreement with the value of =  e 0.06 0.04 found by V15. This best-fit model, however, contained excursions to large negative velocities at epochs where we have no observations. We therefore fixed the eccentricity to the value found by V15. This resulted in only a slight increase in the reduced c 2 , from c = 1.63 . We also performed fits to the TS23 data alone, assuming the presence of three and five inner planets with parameters fixed at those found by M15 and V15. We again fixed the eccentricity of HD 219134 h to the value found by V15 and let its other parameters float. The results of this exercise are listed in Table 4 . Overall, the parameters that we found for HD 219134 h were broadly consistent, although they varied slightly depending upon the assumptions regarding the , and solid orange lines show, from left to right, our 22.8 day activity periodicity, the 42.3 day periodicity found by V15, and the activity cycle period that we found with our S HK measurements. Letters above the top axis show the names of the planets; note that M15 and V15 used different names for the long-period Saturn-mass planet due to their disagreement about the orbital period, labeling it HD 219134 e and h, respectively. Horizontal dashed lines show bootstrapped FAP levels of, from top to bottom, 0.1%, 1%, and 10%. Bottom middle: periodogram of the residuals after subtracting the best-fit RV signal of HD 219134 h (with e = 0.06 fixed at the value of V15). Bottom: window function for the TS23 RVs.
Detection of the super-Earths reported by M15 and V15 is very challenging, due to their small RV semi-amplitudes (ranging from 1.1 to 4.4 m s −1 ). Nonetheless, after subtracting the ∼2200 day signal from our McDonald Phase III data, we consistently recovered a 3.08 day signal as the strongest peak in the GLS periodogram of the residuals (third panel of Figure 4) , regardless of the details of the ∼2200 day signal. We fixed the eccentricity of HD 219134 h to the value of 0.06 found by V15, leaving the other parameters free, and subtracted the resulting best-fit signal from the TS23 data. The strongest signal in the periodogram of the residuals had a period of 3.08 days and a FAP of 0.02%. There were also signals with periods of 46.7 days (6th strongest signal, FAP=0.32%), 22.8 days (10th strongest signal, FAP=1.7%), and 79.1 days (22nd strongest signal, FAP=5.5%). These signals correspond to HD 219134 d and f and the likely rotation alias seen in the S HK data (Section 3.2). While these were not the strongest signals in the periodogram of the residuals, they were three of the four strongest peaks with > P 2 days (the fourth peak being the 21st strongest peak,at 49.5 days and with a FAP of 5.5%). Nonetheless, except for the 3.08 day signal,we could not claim these as detections if we did not have prior knowledge of their existence. As the RV precision of the TS23 data is significantly lower than those of the data published by M15 and V15, we did not pursue the analysis of the TS23 RV data alone any further. Nonetheless, this demonstrates that despite the lower RV precision of the Tull Spectrograph with respect to modern highstability spectrographs like HARPS-N and APF, we are capable of detecting short-period super-Earths for bright stars with large amounts of data (e.g., 55 Cnc e: McArthur et al. 2004; Endl et al. 2012) .
We also attempted an analysis of our full five-part dataset (McDonald Phases I, II, and III, and Keck old and new CCDs; see Figure 5 ). We recovered RV signals with periods of 2273 days (HD 219134 h) and 46.69 days (HD 219134 d), but failed to recover the other RV signals at a significant level; the very uneven time sampling of the Keck data is problematic for periodogram analysis. We therefore did not pursue the analysis of this combined dataset any further.
Limits on Long-period Companions
The overall architectures of planetary systems are of interest for constraining models of planet formation (e.g., Batygin & Laughlin 2015) . We thus used our longbaseline of RV observations to constrain the presence of additional planets in the system on wider orbits than HD 219134 h. In order to assess the detectability of such planets based on our Phase III dataset, we ran a large-scale simulation where we analyzed a batch of synthetic datasets generated by the planetary signals of two-planet systems. First, we fixed the parameters of one planet to the best-fit values of HD219134h, as derived by modeling the Keck, APF, and McDonald Phase III datasets, again using Systemic Console 2. Here we obtained P=2247 days, = M i sin 0.32, and e=0.16. The parameters of the hypothetical second planet were chosen on a uniform grid in P 2 (40 values), K 2 (40 values), and mean anomaly  2 (400 values), which generated a set of 640,000 planetary signals. P 2 spanned between 3370 days (1.5 P 1 ) and 6273 days (the temporal span of the McDonald data), while K 2 spanned between 5 and 10 m s −1 . For simplicity, we assumed a circular orbit for the outer companion, and neglected the inner superEarths found by M15 and V15; as these planets all have orbital periods much shorter than we were probing and small RV semi-amplitudes, they should not have a significant effect on the results. Each of the planetary signals was computed by sampling the RV response at the epochs of the Phase III dataset. Noise was subsequently added to each observation, based on a random scrambling of the residuals from the best-fit model. For each of the datasets, we ran a modeling procedure that fit any strong periodicities (FAP < -10 3 ) in the Lomb-Scargle periodogram of the data. We note that in most casesonly one of the planets was recovered. This is because the Phase III dataset is quite noisy compared to the semi-amplitude of HD219134 h. The median formal uncertainty on the RV observations is 4.62 m s −1 , and the rms of the residuals for the best fit is 5.23 m s −1 . Therefore, one or the other periodicity was often not evident in the residuals for one-planet models. Figure 6 shows the fraction of synthetic datasets for which the procedure either recovered both generated planets, or only the synthetic outer planet. For the latter point, we used the criterion that only the synthetic outer planet was detected if the recovered orbital period was closer to the input period of the hypothetical outer planet than to that of the inner planet HD 219134 h.
We computed companion mass limits at periods of 4340 days (the grid value most closely corresponding to the orbital period of Jupiter) and 5980 days (the longest period at which we can detect a significant number of synthetic companions with K=5−10 m s ) by finding the semi-amplitude below which, at that period, less than 68% of synthetic signals were either detected as a second planet, or only the synthetic signal was detected. This excluded at s 1 companions with > M i M sin 0.36 J at 4340 days and > M i M sin 0.72 J at 5980 days. We thus demonstrate that, although HD 219134 possesses a Saturn-mass planet, there are likely no additional objects in the system with a mass approaching that of Jupiter and a period of less than 17 years. Such an object could lie on a near-face-on orbit, such that i sin is small, but as the innermost planet in the system transits, this would require a very large mutual inclination between such a hypothetical outer planet and at least one of the inner planets.
Activity-RV Correlation
V15 found an unusual correlation between their S HK and RV measurements, with low RVs at moderate activity levels and increasing RV with both increasing and decreasing S HK (see Figure 4 of their work). We show the correlation between our RVs and S HK measurements,before accounting for the presence of any planetary RV signals, in the top panel of Figure 7 . We recover the same unusual RV-activity correlation found by V15.
A correlation of this form is puzzling. Previously observed RV-activity correlations have been linear (e.g., Robertson et al. 2013b; Endl et al. 2016) . This is expected theoretically because the RV shifts are thought to be caused by magnetic fields associated with starspots suppressing surface convection locally, thus modifying the covering fraction of convective upwelling and downwelling on the stellar disk and shifting the observed RV.
We argue that the unusual form of the RV-activity correlation for HD 219134 is caused, in large part, simply by the near-commensurability of the orbital period of the Saturnmass planet (2146 days, from our data) and the period of the activity cycle (4230 days). The activity period is close to twice that of the outer planet ( =  P P ). Over the past decade, these have conspired to align such that RV maxima due to HD 219134 h occur near the extrema of the activity cycle, while the RV minima occur at moderate activity levels. Such a pattern will naturally explain the correlation seen by V15 and in our own data, even in the absence of a causal relationship between the stellar activity and RVs. In the middle panel of Figure 7 ,we show the correlation between the best-fit sinusoidal model for the TS23 S HK measurements and the best-fit single-planet model for HD 219134 h at the TS23 and Keck (new CCD only) measurement epochs. The beating of the two frequencies against each other produces a Lissajous figure; these models do qualitatively reproduce the observed trend of low RVs at moderate S HK values and high RVs at both low and high S HK values.
In order to test whether there could still be an actual correlation between the RVs and the activity cycle for HD 219134, we subtracted the single-planet, best-fit model for HD 219134 h off of the RVs and searched for a correlation of the RV residuals with the corresponding S HK measurements. This is shown in the bottom panel of Figure 7 . While there does not appear to be a trend in the new Keck data, a possible trend is evident in the TS23 Phase III data.
We explored this trend by using the Pearson correlation test on the distribution of TS23 S HK measurements and RV residuals. We found a Pearson correlation coefficient of 0.30, which, for a sample size of 202 datapoints, corresponds to a pvalue of 1×10 −5 . This suggests that we are indeed seeing a genuine correlation, although this is not as statistically significant as those found by Endl et al. (2016) for β Vir and HD 10086.
CONCLUSIONS
HD 219134 is of substantial scientific interest as one of the nearest planet host stars, and the nearest and brightest star known to host a transiting planet (M15; V15). We have presented 27 years' worth of McDonald Observatory RV observations of this star, including 17 years of high-quality data utilizing the full iodine cell spectral bandpass. Using these data, we have detected the 6 year Saturn-mass planet HD 219134 h, and measured planetary parameters in broad agreement with those presented by V15, as well as the less precise values found by M15. Additionally, we have detected the low-amplitude RV signal due to the 3.08 day transiting super-Earth HD 219134 b, and have tentative (i.e., low-significance) detections of the RV signals at 22.8 and 46.7 days, corresponding to planets HD 219134 f and d.
We have also investigated the stellar activity of HD 219134, as measured from the CaII H and K lines and quantified as S HK . We have detected a long-period activity cycle for the star, with a period of 4230±100 days, very similar in length to our own Sun's activity cycle. Furthermore, by analyzing the S HK residuals after the subtraction of the activity cycle signal, we have found a significant periodicity at 22.83±0.03 days, which we suggest may be the first harmonic due to activity at moderate latitude on a differentially rotating stellar surface. This period is identical within the errors to the orbital period of the planet HD 219134 f found by V15. This suggests that the RV signal attributed to planet f may be a false positive due to the stellar rotation. Conversely, however, our work provides evidence that the 46.7 day HD 219134d and the 2200 day HD 219134 h are likely to be actual planets; M15 and V15, respectively, had expressed some concerns about whether these RV signals could be related to stellar rotation or activity. This highlights the importance of accounting for activity variations due to both stellar rotation and long-term activity cycles for high-precision RV work, especially as the exoplanet community pushes to detect ever smaller RV variations.
HD 219134 is additionally important as the nearest and brightest star known to host an analog to the systems of closely packed, short-period super-Earths found in great abundance by Kepler. The overall orbital architectures of such systems are of great interest to constrain how these systems formed (e.g., Batygin & Laughlin 2015) . These architectures can be probed through the combination of high-precision RVs and photometry to find small short-period planets, and long-term RV observations to detect Jupiter and Saturn analogs. The McDonald Observatory Planet Search is in a strong position to provide this latter dataset, with its sample of long-term RV observations of more than 200 bright FGK stars approaching an observing baseline of 15 years. Top panel: correlation between raw TS23 (blue) and new Keck CCD (orange) radial velocity and S HK measurements; an empirical multiplicative offset has been applied to the Keck S HK data to bring them into agreement with the sinusoidal trend seen in the TS23 data. Middle panel: correlation between the best-fit models of the activity cycle and the radial velocity of HD 219134 solely due to the outer planet HD 219134 h, for the epochs of the TS23 observations (blue) and new Keck CCD observations (orange), superimposed upon the data (gray). This model qualitatively reproduces the trend seen in the top panel. Bottom panel: correlation between the single-planet RV residuals and S HK measurements in the TS23 data. The Keck data are not shown because there is no trend visible. A red line shows the best linear fit to the data.
